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Introduction
The increasing demand for drinking water supplies in recent years has resulted in steadily growing interest in using impaired water sources (i.e., recycled water, stormwater) for augmentation of potable aquifers via managed aquifer recharge (MAR). MAR systems, such as riverbank filtration and soil aquifer treatment, are natural water treatment processes with the goal to enhance groundwater quantity and quality by taking advantage of hydro-geochemical and biological processes. Since impaired water sources often contain a broad range of inorganic and organic contaminants, knowledge about their fate and transport during subsurface treatment in an aquifer leading to drinking water augmentation is essential for proper design and operation of MAR facilities. Attenuation of organic contaminants such as trace organic chemicals (TOrC) is mainly caused by microbial transformation, while sorption to soil components retards their transport.
Modeling fate and transport of TOrC typically requires detailed numerical groundwater flow and multi-component reactive transport models (Greskowiak et al. 2006; Prommer and Stuyfzand 2005; Sharma et al. 2012) . However, studies that aim to quantify the attenuation of numerous TOrC characterized by different physicochemical properties often omit a detailed analysis of factors influencing contaminant transport behavior (Henzler et al. 2014) . First-order rate constants and linear soil water distribution
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3 Williams et al. 2009; Laws et al. 2011; Li et al. 2013) , changes of these key environmental parameters may enhance, decelerate, and sometimes initiate biotransformation of TOrC.
Previous research revealed that the primary substrate, more specifically the bioavailability of biodegradable dissolved organic carbon (BDOC), directly affects the microbial community structure and function in soil-water systems and as a consequence also TOrC attenuation (Li et al. 2013 (Li et al. , 2014 Alidina et al. 2014a) . Although high BDOC availability usually results in a greater biomass production of biological active systems, the resulting microbial community usually is less diverse. Oligotrophic conditions, however, can result in an increase in diversity of the microbial community, which can feature the ability to better transform also moderately biodegradable TOrC (Li et al. 2013 (Li et al. , 2014 Alidina et al. 2014a,b) . Refractory dissolved organic carbon (DOC) is composed of a greater diversity of organic molecules creating a selective pressure for those microorganisms that can express different metabolic functions to utilize these carbon sources as primary substrate (Li et al. 2014 ). This overall increase in metabolic function (increase in enzymatic diversity) can provide a greater opportunity for co-metabolic transformation of TOrC. Since composition and availability of BDOC usually changes with residence time and travel distance, TOrC attenuation is highly sensitive to changes in primary substrate composition.
The redox environment of MAR systems has been identified as a primary driver for mobility, dissolution, transformation, and toxicity of most TOrC present in infiltrating water (Hoppe-Jones et al. 2010; Wiese et al. 2011; Grützmacher and Reuleaux 2012; Regnery et al. 2013) . Microorganisms are adapted to specific redox zones and microbial activity drives redox conditions in the subsurface besides hydro-geochemical reactions.
Effluent-impacted waters usually contain high concentrations of BDOC, which serves as an electron donor for soil microorganisms. In a typical recharge situation, a sequence of reduction processes from highly oxidized conditions to reducing conditions will develop over time as a function of travel distance. Dissolved O 2 , which usually is enriched in water applied to recharge basins, will be consumed in the initial zone of infiltration, followed by nitrate reduction and subsequent reduction of Mn(IV) and Fe(III) oxides, as well as sulfate providing electron donors are still present (McMahon and Chapelle 2008) .
Where no particulate organic matter is deposited and the BDOC of the infiltrating water is characterized by limited bioavailability, less reduced redox conditions in the aquifer will establish.
Though several field studies from MAR sites investigated redox-dependent attenuation of certain TOrC (Drewes et al. 2003; Schmidt et al. 2004; Heberer et al. 2008; Massmann et al. 2006; Wiese et al. 2011) , only limited knowledge is available from controlled laboratory-scale studies that systematically investigated and compared the influence of different redox conditions on biotransformation of TOrC in the subsurface (Suarez et al. 2010; Baumgarten et al. 2011; Burke et al. 2014) . Burke et al. (2014) Greskowiak et al. 2006) . Seasonal temperature changes also have an effect on the redox chemistry of groundwater and can lead to significant differences in TOrC removal efficiency (Massmann et al. 2006) . Therefore, affecting redox conditions of MAR systems can change the removal performance of redox-sensitive TOrC (Grützmacher and Reuleaux 2011; Regnery et al. 2013; Müller et al. 2013 ).
Rate constants are considered useful to provide first estimates of the fate of TOrC at field-scale, which is essential for the design and operation of MAR sites. Nevertheless, the question can be asked, how accurate rather simplified first-order rate constants are for model-based prediction of contaminant fate and transport considering the variability of environmental conditions. Thus, the objectives of this study were i) to develop relationships between the attenuation of representative TOrC as a function of retention time, system characteristics, and operating conditions using controlled laboratory-scale soil column experiments simulating MAR and ii) to evaluate if key parameter-dependent rate constants are needed in contaminant transport modeling to properly capture dynamic
TOrC attenuation processes at field-scale. 
Material and methods
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Redox classification
In order to classify redox conditions, different definitions of what constitutes oxic, Table 2 .
First-order removal
For all DOC and TOrC data, an exponential first-order decay model (Eq. 1) was used to calculate the degradation rate constant λ:
where C (t) is the concentration at time t (ng L -1 ) and C 0 is the concentration at time 0 (ng
Each soil column sampling port represents a defined residence time determined through conservative tracer studies (data not shown). The logarithmically transformed average concentration of up to 6 sampling events per experiment for each individual sampling port was plotted against soil column residence time and a linear regression was fitted.
Concentrations below the compound respective LOQ were set equal to half the LOQ. A linear relationship is given for the logarithmic form of Eq. 2:
Half lives (t 1/2 ) are defined as the time at which concentration reaches half the initial concentration and were calculated by Eq. 3:
Since other attenuation processes leading to TOrC dissipation besides biodegradation cannot entirely be ruled out, the term DT 50 will be used in the following instead of t 1/2 as it reflects the time for the dissipation of 50% of the initial concentration ( Table 2 and results of previous studies (i.e. RauchWilliams et al. 2010; Alidina et al. 2014b) . Therefore, first-order removal rates are
assumed to mainly represent attenuation by biotransformation and were not further corrected for possible attenuation due to sorption.
Validation with field data
In addition, soil column system derived TOrC degradation rate constants for the moderate results were compared with the observed removal in the field at the respective residence times (n ≥ 5) to evaluate how well the computed data correlated with the observed field data.
Results and discussion
Fate of primary substrate during infiltration
Relevant organic water quality parameters in the feed water applied to the soil columns and the changes in NO 3 -and Mn 2+ after travel through the soil columns are summarized in an oxic setting towards suboxic and anoxic redox states. Hence, the non-N 2 -purged secondary treated wastewater effluent did not maintain its previously oxic condition during passage through soil column C2 (Table 3 ). The NF permeate that was used for Organic matter fractionation using SEC-DOC/UVA analyses of the soil column feeds (Figure 1 ) implied that dilution of secondary treated wastewater effluent with NF permeate reduces the concentration of biopolymers and humic-like substances, but maintained the amount of acids, low molecular weight humic substances and neutrals.
Both chromatograms indicate that these low molecular weight fractions are retained to a larger degree than higher molecular weight substances, which are removed by membrane filtration due to size exclusion (Figure 1 ). Tap water exhibited a similar pattern as the 70:30 (v/v) NF permeate: secondary treated effluent blend but at lower concentrations and with fewer biopolymers and further-reduced humic-like substances.
First-order TOrC degradation rate constants
Since the non-N 2 -purged secondary treated wastewater effluent did not maintain its oxic condition throughout the 1.2-m long soil column C2, this experiment was neglected for the calculation of first-order removal kinetics. Instead, we focused on those three experiments exhibiting consistent redox conditions (as defined in section 2.2.) throughout the soil column system (Table 1 ). In the following, these experiments are referred to as:
Oxic (low BDOC), suboxic (low BDOC), and anoxic (high BDOC) with individual residence times of 7, 9, and 14 days respectively. The derived first-order rate constants and respective DT 50 values for the selected 19 TOrC are summarized in Table 4 .
Available literature values of compound-specific first-order rate constants and DT 50
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11 values including prevalent redox conditions are presented in Table 5 . A graphical example on how first-order kinetics were fit to the experimental data is given in Figure 2 for atenolol (good biodegradability in MAR systems), gemfibrozil, diclofenac (both moderate biodegradability) and primidone (poor biodegradability) under oxic, suboxic, between the three soil column systems.
Role of key environmental conditions on TOrC attenuation
The concentration of BDOC and the prevailing redox condition both influenced the removal performance of well and moderately biodegradable TOrC as indicated by the first-order rate constants. However, this effect was more distinct for TOrC with moderate biodegradability (Figure 2 and Table 4 ). As seen in previous studies (Table 5) Easily biodegradable TOrC such as atenolol, caffeine, and trimethoprim were attenuated more than 80% under both oxic and suboxic conditions during simulated MAR (three days residence time) as illustrated in Figure 3 . A similar high removal was observed for
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12 trimethoprim and acetaminophen under anoxic conditions, whereas atenolol and caffeine were attenuated by approximately 50%.
For moderately biodegradable compounds complete removal was demonstrated for diclofenac, gemfibrozil, and naproxen in soil column C2 under oxic conditions within a residence time of three days (Figure 3 ). In comparison, diclofenac and gemfibrozil, similar to sulfamethoxazole and DEET, exhibited almost no attenuation under anoxic conditions after 3 days residence time. However, sulfamethoxazole and DEET were attenuated more than 70% on average under oxic conditions. Naproxen was attenuated by about 20% under both suboxic and anoxic conditions within three days residence time.
Overall, the soil columns with suboxic and anoxic experimental conditions performed poorly (i.e. less than 30% removal of moderately degradable compounds) in comparison to the oxic conditions within a residence time of three days ( Figure 3 ). The optimal redox condition for diclofenac removal is disputed in the literature (Table 5) Enhanced attenuation was also demonstrated for the anticonvulsant dilantin (DT 50 = 13.6 days), the artificial sweetener acesulfame (4.2 days) as well as the chlorinated flame retardants TCEP (3.5 days), TCPP (3.9 days), and TDCP (5.6 days) under oxic, low BDOC conditions after seven days residence time, while almost no attenuation occurred during anoxic (14 days residence time) soil column conditions (Table 4) . Similar results were obtained in previous studies (Table 5) . Li et al. (2012 Li et al. ( , 2013 reported that a reduced amount of BDOC and the corresponding shift towards more refractory primary substrates such as humic material resulted in a more diverse microbial community in biologically active soil systems. However, Li et al.
(2013) also revealed that microbial diversity converges with depth, suggesting that after sufficient residence time, BDOC is depleted and both high and low BDOC receiving
13 soil/water systems exhibit a similar degree of microbial diversity in deeper zones. Thus, while microbial diversity may converge with depth, the redox state of the system will differ depending on the amount and makeup of carbon present in the initial feed.
Therefore, if microbial diversity and resulting functionality is the more important controlling factor in TOrC removal, both high and low BDOC receiving soil column systems would have been expected to perform similarly after a certain residence time and result in comparable TOrC rate constants. Since this was not the case, these results underscore the importance of co-existing oxic and low BDOC conditions for enhanced However, a threshold BDOC concentration may not be required for biotransformation if the organic carbon is sourced from sediment organic carbon. Recently, Patterson et al. (2012) reported the degradation of NDMA in water treated by reverse-osmosis that was recharged into an anaerobic aquifer. 
Estimating TOrC attenuation during MAR
Conclusion
Results from field and from soil column experiments revealed that MAR performance in terms of TOrC attenuation is determined by specific key environmental parameters.
BDOC and redox conditions are tightly linked through electron donor/acceptor First-order rate constants for contaminant fate and transport models are in particular sensitive for redox sensitive target compounds. Thus, using simplified first-order rate constants will most likely not capture the decline in concentration over time and distance at field-scale MAR for these TOrC. However, if the focus is not on the initial phase of infiltration and transient redox condition, but to calculate the percent removal after an extended time period and subsurface travel distance, simplified first-order rate constants seem to be sufficient to provide a first estimate on TOrC attenuation during MAR.
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Nevertheless, it is also critical to note that biotransformation can only be expected if a minimum BDOC threshold concentration is maintained to support an effective microbial population. Greskowiak, J., Prommer, H., Massmann, G., Nützmann, G. (2006 Grünheid, S., Hübner, U., Jekel, M. (2008) . Impact of temperature on biodegradation of bulk and trace organics during soil passage in an indirect reuse system. Water Science & Technology 57, 987-994. Grützmacher, G., and Reuleaux, M. (2011) . Literature study on redox control for infiltration ponds and other subsurface systems. KompetenzZentrum Wasser, Berlin, Germany.
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